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CONDITION DEPENDENT TEA-SENSITIVE CHANNELS 
ON CRAYFISH MOTOR AXON 
FEIYUAN YU 
ABSTRACT 
 In previous studies, some channels, called the “sleeper channels,” were reported 
to contribute to the shaping of the action potential (AP) only under non-physiological 
conditions. These channels have been hypothesized to play a role in providing a 
protective mechanism to prevent damage from neuronal hyperexcitation. Here we applied 
two-electrode current clamp at the primary branch point (1°BP) and the presynaptic 
terminal simultaneously on crayfish axons. Cadmium had minimal effects on AP shaping, 
suggesting the absence of calcium-activated potassium channels. Application of 1 mM 
TEA had minimal impact on AP waveform. In the presence of 4-Aminopyridine (4-AP), 
the same tetraethylammonium (TEA) concentration significantly prolonged AP duration, 
resembling the behaviors of sleeper channels. The kinetics of the TEA-sensitive channel 
(Kv(TEA)) is similar to the Kv2 family of mammalian K+ channels. TEA depolarized the 
potential after an AP and increased the AP duration in a dose-dependent manner, 
indicating that these channels contributed to maintaining AP waveform majorly during 
the hyperpolarization. The terminals were more sensitive to the blockers, suggesting a 
probability of regulation on neurotransmitter release. However, the TEA-sensitive 
channels at the crayfish axon had a higher affinity to TEA than the Kv2 channels. 
Pharmacological profiles, spatial distinction and function of the Kv(TEA) in the crayfish 
axon require further study. 
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INTRODUCTION 
The Roles of Voltage-Gated Channels in AP Dynamics 
Voltage-Gated Channels 
            Ion channels, found in species from bacteria to human, are transmembrane 
proteins that modify ion permeability of cell membrane and enable selective ion flux 
across the membrane. In neurons, ion channels play a major role in electrical signaling, 
allowing vital functions such as sensory transduction, cognitive processing, and 
behavioral responses. There are an enormous diversity of ion channel types and various 
classification criteria. In the study of the nervous system, the two main categories of ion 
channels are voltage-gated and ligand-gated channels. Voltage-gated ion channels are 
those open and close in response to the membrane potential near the channels. Ligand-
gated channels are activated by the binding of neurotransmitters to the channels. Because 
of the voltage sensitivity and gating properties, voltage-gated ion channels are 
responsible for detecting membrane potential changes, initiating Action potentials, and 
shaping electrical signals during propagation.  
            Voltage-gated ion channels can be classified by their selective permeability to 
specific ions. Researchers have identified channels specifically permeable to sodium, 
potassium, calcium, and chloride ions (Purves et al., 2012).  Each channel family can be 
further categorized by its molecular structure. The common molecular components of 
Na+, K+, and Ca2+ channels are the α-subunits, which are four repeated domains arranged 
around a central pore. Each domain consists of six α-helical transmembrane segments 
(S1–S6). S4 is proposed to be the voltage-sensing unit because it contains positively 
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charged residues and can be drawn by the electrostatic force when membrane voltage is 
altered. The movement of S4 segment causes a conformational change and performs the 
gating function of an ion channel. The extracellular linker that connects S5-S6 forms the 
pore architecture, which determines ion selectivity, allowing ion flow to form electrical 
signals (Catterall, 2010). Other subunits, such as β-subunits, may connect to α-subunits 
and function as regulatory modules.  
            The study of ion channels started from late1930s when membrane biophysics 
became a hot topic after the squid giant axon was found technically convenient to place 
intracellular electrodes. With the knowledge of previous studies about membrane 
potential change during AP propagation, in 1952 Hodgkin and Huxley published voltage 
clamp studies of squid giant axon. They demonstrated that voltage sensitive Na+ and K+ 
conductance changes are responsible for the generation of an AP. They generated a 
model to explain the kinetic details of ion movement during AP formation and 
propagation. However, it was not until the 1980s did the molecular structure of ion 
channels was reported. The cloning of the voltage-gated channels suggested the possible 
channel topology and offered candidate segments for the voltage sensor and pore-forming 
modules (Armstrong et al, 2001). Cloning also provides the basis of modern classification 
of ion channels, which is based on genomic sequences. Additional tools for the study of 
ion channels include: (1) neurotoxins, which target specific ion channels, are important 
for the study of the functions of channels and (2) X-ray crystallography which helps the 
visualization of molecule structure in three dimensions. Finally, computational modeling 
also provides a convenient way to study the functions of different channel types, 
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distribution, density, and kinetics on signal transmission. However, due to the diversity of 
channels types, the biological functions of certain channels in neurons are not fully 
understood. Studies of functions of some channel types are handicapped by the lack of 
specific blockers. The understanding of functions of a specific channel type has further 
become complicated by the fact that the same type of channels can play different roles 
depending on neuronal types they are expressed or subcellular compartments they are 
localized. Therefore, further study is required for understanding the function of ion 
channels in different neuronal types, subcellular compartments or organisms. A deep 
understanding of ion channel functions may contribute to drug development or the 
comprehension of more complex neuronal activities. 
 
Voltage-Gated Potassium Channels 
            Voltage-gated potassium channels are voltage-gated ion channels selectively 
permeable to potassium. Because of the negative values of K+ equilibrium potential (Ek ≈ 
-70mV to -90mV), and consequently the outward driving force for K+, most K+ channels 
mediate outward current under physiological conditions. The outward current serves the 
functions of shaping the repolarization phase of an AP, such as the duration or after-
potential of AP. The duration and after-potentials can, in turn, modulate neurotransmitter 
release and firing pattern of neurons (Jan et al., 2012). 
            The structure of a K+ channel follows the typical motif of a voltage-gated ion 
channel. A standard K+ channel is usually tetrameric, consist of four subunits, with each 
subunit containing six transmembrane helices: S1-S6. The N- and C-terminals of the 
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channel protein are intracellular and vary among different channel families. S1-S4 
flanked the channel pore and are sensitive to voltage change. The linkers between S5 and 
S6 lines the channel pore that filters the ions. The selectivity is formed by the architecture 
of the pore and the interactions between K+ and the peptide backbones lining the pore. An 
S4-S5 linker connects the voltage-sensitive domain to the pore-forming domain. This part 
is flexible, which ensures conformational change responded to stimulation and the 
resulting opening and close of the gate. In addition, β-subunits and other auxiliary 
subunits, served as regulatory and supporting proteins, can also be assembled to the α-
subunits in the endoplasmic reticulum (Grizel et al., 2014). 
Voltage-gated potassium channels are the largest family of the voltage-gated 
channels, with over 40 reported subunit genes. According to the sequence homology of 
the pore-forming α-subunits, these voltage-gated potassium channels are classified into 
12 types (Kv1-12). Each type of channel is unique in distribution, biological functions, 
and electrophysiological properties. Some channels are activated by low voltage, such as 
Kv1, Kv4, and Kv7. Some require more depolarized membrane potential to open, such as 
Kv2 and Kv3. Low voltage-activated channels are important for regulating subthreshold 
events while the high threshold channels shape AP waveforms. Based on the activation 
speed, channels can be classified into slow- and rapid- activated groups. Kv1, Kv3, and 
kV4 are those activated with a fast kinetics while Kv2 and Kv7 respond more slowly. The 
fast opening channels are capable of shaping AP while the slow ones may be important 
for modulating subthreshold events, resting membrane potential or prolonged AP firing. 
The inactivation time can also be a classification criterion (Johnston et al., 2010). K+ 
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channels with negative inactivation range are regulated by the resting membrane 
potentials. A thorough review of functions of each K+ channel family is beyond the space 
here. As an example, the study of the trapezoid body medial nucleus (MNTB) provided a 
detailed demonstration of K+ channel kinetics and functions (Johnston et al., 2010). It was 
shown that Kv1 located in the axon initial segment (AIS) and can suppress AP and 
modifying AP amplitude while Kv3 are located in the soma and axons, which ensure a 
fast hyperpolarization and brief AP duration.  
In physiological experiments, it is sometimes convenient to consider the function 
of K+ channels on the basis of their pharmacological properties. Common K+ channel 
blockers include tetraethylammonium (TEA), 4-aminopyridine (4-AP), quinine, 
benzamide indane, capsaicin, and bupivacaine. TEA can block several Kv families, but it 
could be selective in certain concentration range. For instance, Kv3 families are blocked 
with low concentration TEA (≤ 0.3mM) while most Kv1 and Kv4 require TEA 
concentration of ≥ 7mM (Gutman, 2005). While there are many specific peptide blockers 
for K+ channels, a complete summary is not outlined here because most peptide blockers 
do not work on the crayfish preparation used in this report. A common experimental 
approach to understand the function of a K+ channel is to compare the AP waveform 
before and after application of blockers. It should be possible to infer the contribution of 
the blocked channels in the shaping of AP. 
 
  
6 
Parameters Involved in Measuring AP Dynamics 
            A typical AP consists of four stages: initial depolarization toward AP thresholds, 
depolarization, repolarization, and after-hyperpolarization. Different channels play 
distinct roles each state. To specify engaged channels and analyze their function, 
commonly parameters of AP waveforms are measured, which include amplitude, duration, 
waveform-area, and after-potentials. A common experiment approach in the analysis of 
AP modulation is to compare these parameters before and after the application of channel 
blockers.  
The amplitude is the total voltage change from baseline to the peak of an AP. It is 
mainly determined by the activation of sodium channels, and sometimes the activation of 
the low-voltage gated fast potassium channels. The duration of an AP is measured by 
calculating the time interval between the two points of the AP trace that have the same 
voltage readings on the vertical coordinate. These data unusually suggest the activation 
kinetics of potassium channels and calcium channels. Rapid-activated potassium channels 
caused a short duration near the peak of an AP while slow-activated potassium channels 
determine the duration and area of an AP close to the baseline. Calcium channels opening 
causes prolonged duration with a particular plateau in the waveform.  
             Although AP in many neurons is followed by an after-hyperpolarization, after-
depolarization (ADP), which is a depolarization after an AP has completed, sometimes 
occurred under physiological conditions or after blockers were applied. Both Na+, Ca2+ 
channels have been suggested to generate ADP. In addition, K+ channels have been 
shown to regulate ADP. ADP in the soma or AIS has been shown to regulate repetitive or 
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burst firing (Kole et al., 2012). In Calyx of Held (CH), it was proposed that ADP aided 
stability of high-frequency firing (Kim et al., 2010). A recent study showed that ADP 
might be important for modulating transmitter release in CH (Clarke et al., 2016). In 
general, the functions and underlying mechanisms of ADP are not fully understood. 
 
The “Sleeper Channels.” 
               The “sleeper channels”, also called the “hidden channels” in some study, are 
some voltage-gated channels that appear to play little or no role under physiological 
conditions. One of most cited example is a Ca2+ activated K+ channel (BK) in the 
presynaptic terminals of hippocampal Schaffer collaterals (Hu et al., 2001), where BK 
blockers enhance transmitter release only in the presence of 4-AP. At the CH, a Kv1 
specific blocker had no effect on AP amplitude, duration or transmitter release (Ishikawa 
et al., 2003). At unmyelinated mossy fiber boutons (MFB) (Alle et al., 2011), both Kv1 
and BK channels are minimally involved in shaping AP. Finally, blocking Kv2 channels 
of dopaminergic neurons in substantial nigra only mildly increases tonic firing frequency, 
slightly increases AP duration near the base, and raises hyperpolarizing after-potential 
(Kimm et al., 2015).  
               In these examples, “sleeper channel” characteristics were attributed to relatively 
slow channel activation (Kv1) or loose coupling between Ca2+ influx and BK channels. 
Kv2 does come to the fore after BK channel blockade, to the extent that neuronal 
excitability appears unchanged after BK block. The “sleeper channel” outlined here are 
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predominantly presynaptic, perhaps not by accident since safeguards that prevent excess 
transmitter release are a key mechanism that can prevent excitatory neurotoxicity.   
 
Functions and Mechanisms of the “Sleeper Channel.” 
               The “sleeper channel” was hypothesized to function as “emergency brake” that 
contribute to a substituted mechanism to help the repolarization stage under pathological 
conditions (Hu et al., 2001). The hypothesis was based on presynaptic BK channels that 
located at the presynaptic terminals of CA1 hippocampus neurons. Under basal 
experimental conditions, APs were not significantly modified by iberiotoxin (IbTx), 
specific BK blockers, suggesting a minimal role of these channels. However, in the 
presence of 4-AP, which simulate a stressful environment, BK channel blockers 
broadened the width of AP and caused more depolarized ADP, indicating a disrupted 
repolarization. Given the Ca2+ dependence of BK, it has been proposed that these 
channels would be activated when intracellular Ca2+ rises abnormally, helping to dampen 
neuronal excitability and transmitter release to maintain normal signal strength. Thus, 
these channels may protect the neurons against hyperactivity caused by neuronal injury, 
toxin or pathological conditions such as brain ischemia and epilepsy. Blockage of BK 
channels was shown to aggravate cell degeneration in organotypical slice cultures 
following a brief deprivation of glucose and oxygen, which mimicked ischemia in vitro 
(Rundén-Pran et al., 2002), attributing the protective function to BK channels. 
A more recent study suggested that Kv2.1 channels, instead of BK channels, 
accounted for the neuroprotective effects in response to transient ischemia (Misonou et 
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al., 2005). It was reported that both rat brain after CO2 anesthesia and chemical induced 
ischemia in cultured hippocampus neurons had disrupted Kv2.1 function and subcellular 
localization. The phosphorylation state of Kv2.1 was altered, the natural clustering 
distribution was dispersed, and the voltage-dependent IK current was shifted to the 
hyperpolarization direction, which reduced neuronal excitability and protects the neurons 
against overload of intracellular Ca2+ induced by ischemia. Those potassium current 
could be blocked by 5 mM TEA while IbTx and apamin yielded no significant effects, 
indicating the minimal role of BK channel in the protection process after a transient 
induced ischemia. TEA exposure shortly after the ischemic could lead to significant 
neuronal damage, but TEA treatment or brief ischemic alone did not affect neuronal 
survival. Therefore, the rat hippocampus neurons can resist damage from brief ischemia 
because Kv2.1 helps to suppress neuronal hyperexcitability by its changes in dynamic 
and distribution. 
The proposal of Kv2 channels consistent with another hypothesis that the “sleeper 
channels” may help to maintain AP duration during high-frequency firing (Geiger et al., 
2000). These channels are “hidden” because they seemed not to play a role in the shaping 
of a single AP. This may be due to the slow activation and inactivation kinetics Kv2 
channels. They are barely open with only a single spike or at the early phase of a train of 
spikes. However, at the later phase during fast repetitive firing, there could be 
accumulative Kv2 activation, which assists the regulation of the interspike potentials. It 
was shown in the medial nucleus of the trapezoid body (MNTB) that Kv2.2 channels 
distinctively located in the AIS and assisted in maintaining high-frequency firing by 
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hyperpolarizing interspike potentials (Johnston et al., 2008). In entorhinal cortex layer II 
stellate cells, Kv2 channels regulate AP duration by modifying ADP and postspike 
dynamics (Hönigsperger et al., 2016). A selective Kv2 blocker, Guangxitoxin (GxTx), 
caused significantly depolarized ADP, broadened APs when the neurons fire in a 
moderate rate. During the high-frequency fire, the blocker resulted in more spikes in a 
cluster, but the more hyperpolarized rebound potential largely reduced the total number 
of spikes. The disrupted firing pattern caused by GxTx suggested an important role of 
Kv2 in maintaining intrinsic firing properties (Hönigsperger et al., 2016).  
            Although not entirely hidden, the functional role of the sleeper channel remains 
unclear. It appears that Kv2 channels could be a candidate, but its specific functions 
seemed to vary in different neurons regarding the cell types, subcellular localization, and 
effects of blockers under physiological conditions. Presumably, the difference is due to 
interaction with other types of channels or other cellular molecular. More studies are 
required for further understanding. They study of this channel could contribute to the 
comprehension of the self-homeostatic modification in neurons, and therapy development 
that helps to protect neurons against hyperexcitation under pathological conditions.  
 
The Crayfish Model 
The crayfish opener axon is considered a good model for axon physiology study 
because it shares structure similarity to CNS neurons. Axons of the crayfish 
neuromuscular junction (NMJ) are unmyelinated but encased in glia cells, and repeatedly 
branch as they taper. At tertiary and quaternary branches, varicosities that contain active 
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zones emerge in strings (Florey et al., 1982). These anatomical features, especially the 
varicosity strings, are commonly found in axons or terminals of vertebrate CNS neurons 
(Szucs et al., 2013).  
Second, the model is technically accessible. Vertebrate CNS axons are difficult to 
study with electrophysiological techniques because of their small dimension. In contrast, 
the diameter of a motor axon (either excitatory or inhibitory) on a muscle fiber is about 
30 μM and can be penetrated by multiple electrodes. Besides, crayfish are easy to obtain 
and maintain in a laboratory environment. It is possible to record from crayfish axons 
with two electrode current clamp (TECC), which can be performed simultaneously at the 
primary (1°) and secondary (2°) branching points (BPs). Axonal recordings with sharp 
electrode could be obtained simultaneously with current clamp recording at terminal 
varicosity using patch electrode. Besides, it is also feasible to perform two-electrode 
voltage clamp (TEVC) of 1°and 2° branches or patch clamp of terminal varicosities. 
Those techniques enabled the study of all compartments in an axon and the interactions 
among them.  
Third, the crayfish opener preparation shares functional similarity with the 
vertebrate NMJ. Despite clear differences in terminal arborization, both the vertebrate 
and crayfish NMJ are similar in their low excitability (Lin, 2016). However, studies of 
motor axon terminals in the vertebrate NMJ are largely limited by poor accessibility. The 
crayfish NMJ study, focusing on the functions of different types of channels, will provide 
insights to basic principles of motor axon operation. With the understanding of the 
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functions of voltage and ligand-gated channels in axons and terminals, a comprehensive 
understanding of axonal and synaptic function can ultimately be provided. 
 
Questions and Aims of This Study 
The main focus of this study is a tetraethylammonium sensitive potassium 
channel (Kv(TEA)). Under physiological conditions, this current has a minimal role in the 
shaping of AP amplitude (AMP) and duration (DUR). It only slightly raises ADP. 
However, in the presence of 4-aminopyridine (4-AP), TEA blockage of Kv(TEA) does 
increase AMP, DUR, and ADP. These properties suggest that Kv(TEA) may play a role 
similar to that of “sleeper channels” observed elsewhere. To examine the role of Kv(TEA) 
in the context of the axon and terminal function, the following questions are raised: (1) 
What are the kinetic features of Kv(TEA)? (2) Which parameters of AP waveforms are 
affected by the blockage of Kv(TEA)? (3) What are the functions of Kv(TEA)?  
To answer the questions, TEVC and patch clamp can be performed to test the 
kinetics and density of Kv(TEA) in the main axonal trunk and terminals, respectively. 
Different blockers can be applied to study the parameters of AP affected by the blockage 
of specific types of channels. By using voltage command in the form of a single AP or an 
AP train, the activation dynamics of Kv(TEA) activation can be analyzed during slow- or 
high-frequency firing. The consequence of AP modulation on synaptic transmission can 
also be examined.  
Preliminary data show that under challenging conditions, such as lower 
temperature or osmotic pressure, the functions of Kv(TEA) are unveiled. It is proposed that 
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these channels be  mainly function in an emergency such as neuronal injury. To 
investigate the mechanisms of Kv(TEA) as a potential “sleeper channels,” their roles in 
regulating AP firing and transmitter release can be examined in stressed or extreme 
condition.  
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METHODS 
Animal and Dissection 
Crayfish, Procambarus clarkii, were obtained from Carolina Biological 
(Burlington, NC). Animals were kept in tap water at room temperature (22℃) and fed 
with fresh lettuce three times per week. Water was changed each time after feeding. The 
average body length, head to tail, of chosen animals is 4-5 cm. Both sexes were used. All 
experiments were performed at room temperature. 
The first walking leg of the crayfish was removed using scissors and fixed 
dactylopodite-side down to a 15-mm petri dish with Crazy glue. After the glue is dry, the 
dish is filled with physiological saline, and the opener axon muscle preparation was 
dissected in saline. The upper half of the shell of the carpopodite and the connected 
muscles were removed, so when the preparation is finished, the entire length of the axons 
was exposed directly to the perfusing saline. Physiological saline contained (in mM): 195 
NaCl, 5.4 KCl, 13.5 CaCl2, 2.6 MgCl2, and 10 HEPES, titrated to pH 7.4 with NaOH. All 
chemicals used to make the saline were purchased from Sigma. 
 
Electrophysiology 
After the dissection, the preparation was placed under a ×60 water immersion 
lens on a fixed-stage microscope (Axioskop). The saline was circulated by a peristaltic 
pump at the rate of 1 ml/min. A presynaptic electrode penetrated the inhibitory axon at 
the primary branching point to record APs and inject fluorescence marker Alexa-568. 
The injection session typically lasted for 20 min. Stained axon and terminals were visible 
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within minutes after injection. The injection was terminated when varicosities close to the 
injection site were relatively bright. Protease XIV (1 mg/ml, Sigma-Aldrich) was applied 
to the preparation for 15 minutes to loosen the glial cells surrounding the varicosities and 
improve the accessibility of patch electrode. Preparation will remain stable for more than 
four hours after a good injection and successful protease treatment.  
Current clamp recordings at the primary branch point were obtained with sharp 
electrodes with two microelectrode amplifiers (IE-210, Warner Instrument). The 
electrodes were filled with 0.5 M potassium methanesulfonate, with a resistance of ~40 
MΩ. Current clamp recording from presynaptic terminals used patch electrodes with a 
resistance of ~10 MΩ. The patch electrodes were connected to an IE-210 with a custom-
modified head stage. The patch pipettes contained a K+ based solution (in mM): 180 K-
gluconate; 12 KCl; 0.2 CaCl2; 1 NaEGTA; 10 NaHEPES (pH=7.4); 5 MgATP; 0.3 
KGTP; 20 Tris-phosphocreatine. Voltage signals were filtered at 5 kHz and digitized at 
25 μs.  
Orthodromically conducting AP was triggered by a tungsten wire bipolar 
electrode connected to an isolated stimulator SD-9 (GRASS, Instrument). The bipolar 
electrode was located approximately 3 mm proximal to the primary branching point. The 
stimulation parameters were: 0.3 ms in duration and 0.5-5 V in amplitude. Both 
inhibitory and excitatory axons were used for simultaneous axon and terminal current 
clamp studies. Most of the experiments were done on inhibitory axons because AP firing 
above 20Hz in the excitatory axons would trigger muscle contraction and tear the 
preparation weaken by the protease. The normal resting membrane potential (Vm) was 
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−70 to −80 mV, and preparations with a Vm less than −65 mV were not used. Stability of 
input resistance and resting Vm were monitored to ensure the viability of the axons.  
Channel blockers used in this study were prepared in stock solution and added 
to the circulatory solution as needed. The stock solution of Tetraethylammonium (TEA, 1 
M) chlorid, and 4-amino-pyridine (4-AP, 100 mM) were prepared by dissolving each 
chemical with distil water and storing at −20°C. BAPTA-AM (50 mM) and paxilline (10 
mM) was dissolved in DMSO. The final concentration of each agent was calculated 
before application. The interval between applications of two drugs or concentrations was 
about 10 minutes with circular system volume of about 2 ml. The interval between drug 
delivery ensured 5X volume changes between different pharmacological manipulations. 
The reaction time of each blocker varied. Only experiments with clear steady-state effects 
were included in the analysis.  
 
Data Acquisition and Analysis 
Data were digitalized with an NI-6251 board and controlled through IGOR and 
NIDAQ Tools MX. (WaveMetrics, Lake Oswego, OR). All statistical results are 
presented as means and SE. 
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RESULTS 
Ca2+ Currents Were Not Involved 
 Ca2+ conductance can cause plateau-like potential on the falling phase of APs and 
determine the AP duration in cardiac cells. The Ca2+ influx may open Ca2+-activated K+ 
channels that could overlap in time with the effects of the slow-voltage gated K+ currents. 
In neuronal axon, Ca2+ are often located in terminals to trigger transmitter release. Ca2+ 
influx could indirectly influence the after-potential immediately following an AP. Thus, 
the Ca2+-activated potassium channels could in turn potentially influence AP waveform 
in the terminals and axonal branches.  
In order to examine the role of voltage-gated axonal K+ channels in modulating 
AP shaping, the contribution from IK(Ca) was evaluated first. This was accomplished by 
treating the preparation with 100 μM cadmium (Cd2+), a potent broad-spectrum Ca2+ 
channel blocker. For AP recorded at the 1° BP and triggered by a bipolar electrode, there 
was no significant changed in AP waveform before and after Cd2+ (Fig. 1A Left). 
Although there was a minor decrease in the amplitude in this example, changes in AP 
amplitude was not a consistent trend. The rising and decay rates were not altered by 100 
μM Cd2+. The histograms in Fig. 1B show that only DUR25 (9.05±4.75%, n=4) and ADP 
(17.65±5.08%, n=4) was slightly affected by Cd2+ on AP recorded at the 1° BP (see 
markings in Fig. 1A for definitions of parameters measured).  
The right panels in Fig. 1A show the effect of Cd2+ on AP recorded at presynaptic 
terminals. Here, the duration and ADP were slightly increased (DUR25=24.76±7.99%, 
DUR50=14.25±7.15%, ADP=20.69±10.74%, n=3). Overall Cd2+ had slight effects on the 
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shape of AP in the terminals and nearly none effects on 1° BP. The data suggested that 
Ca2+ currents had nearly no contribution to the AP shaping. Thus, Ca2+ influx at the 
crayfish axon seems to mainly regulate transmitter release and does not contribute to AP 
shape recorded at the 1° BP or terminals.  
 
 
Fig. 1. Calcium-activated K+ channels make a minimal contribution to AP waveform in physiological 
saline. (A) APs recorded before (black) and after (red) 100 μM Cd2+ perfusion in physiological saline 
from the primary BP (left) and a terminal (right). The axonal and terminal recordings were obtained 
simultaneously. (B) Summary histograms of parameters that define AP shape comparing AMP, 
DUR25, DUR50, and ADP. See labels in (A) for the definitions of these parameters. The histograms 
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in solid black were measured from the primary BP and red ones from terminals. Due to small sample 
size, no statistical significance tests were performed.  
 
4-AP Revealed TEA Effects 
To study the effects of a TEA-sensitive Kv channel on shaping AP, 1mM TEA 
was applied to the preparation in the presence of Cd. Recordings were obtained from both 
1° BP and presynaptic terminals. No significant change on AP was observed at the 1° BP. 
There was a small increase in ADP in the terminals (Fig. 2A). Summary histograms in 
Figure 2C suggested that at the 1° BP, the blocker had no effect on AMP (-0.15±0.03%, 
n=3) while caused slightly increased DUR25 (10.47±1.71%) and DUR50 (6.59±1.77%, 
n=9) and a small change in ADP (30.31±12.70%, n=9). At the terminals, the influence of 
TEA application on duration was much larger DUR25 (67.35±22.51% and DUR50 
(31.28±7.45%, n=8) but had no impact on AMP (-0.26%, n=2). The rise in ADP 
(32.99±20.44%, n=9) was similar to that on BP, as shown in Fig. 2D. Overall, TEA-
sensitive channels contributed minimally to the AP waveform at the 1° BP, and the 
contribution was slightly larger at terminals. 
 4-AP at 200 μM, has been shown to increase AP amplitude and duration in the 
crayfish axon(Lin, 2012). 4-AP appears to target a subset of K+ channels that are distinct 
from TEA-sensitive K+ channels. When applying TEA after the 4-AP treatment, 
significant effects of TEA were shown. The AP amplitude was barely affected, but the 
width of AP was significantly broader, and ADP was more depolarized than with TEA 
treatment alone (Fig. 2B). At the 1° BP, the increase in DUR25 (29.78±19.96%) and 
DUR50 (19.47±7.89%, n=4) and ADP (66.42±23.49%, n=4) were over twice the effect of 
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TEA alone (Fig. 2C). At the presynaptic terminal, the effects of TEA after 4-AP on 
DUR25 was smaller in percentage but larger in absolute values (Fig. 2B Right). ADP 
increased induced by TEA was significantly larger in 4-AP, with an increase of 112.17% 
(n=2), corresponding to the extremely slow repolarization rate.  
The results indicated that TEA mainly affects AP duration and ADP, but the 
effects were minor without 4-AP treatment before TEA application. The data suggested 
that TEA-sensitive K+ channels did not contribute much to the shaping of AP under 
physiological conditions. However, in the presence of 4-AP, the TEA-sensitive channels 
play a role in the repolarization stage of AP, as delayed rectifiers. Thus, TEA-sensitive 
channels found in this study were functionally highly similar to the “sleeper channels.” 
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Fig. 2. TEA (1 mM) had only minor effect on AP shape in control saline, but its effect becomes 
significant in the presence of 4-AP (200 μM). (A) Overlays of AP recorded before (black) and after 
(red) 1 mM TEA added to control saline at the primary BP (left) and a terminal (right).  (B) Overlays 
of AP recorded on another axon before and after 1 mM TEA added to saline containing 200 μM 4-
AP at the primary BP (left) and a terminal (right). (C) Summary histograms comparing AP 
amplitude, DUR25, DUR50 and DAP for control (black), TEA (blue) and TEA in 4-AP (red) 
recorded at the primary BP. (D) Summary histograms comparing the same set of parameters as in (C) 
recorded at the terminals. * p < 0.05, ** p < 0.001, t-test. Statistical tests of significance were 
performed only for parameters with sample sizes larger than 5.  
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Dose-dependent TEA Effects 
The previous experiment showed that TEA had a significant effect only in the 
presence of 4-AP. The influence on BP and terminal were similar because those affected 
parameters were modified in a comparable percentage. Although terminals seem to be 
more sensitive to TEA, they are technically difficult to patch and hard to maintain for a 
relatively longer period. Thus, dose effect of TEA after 4-AP was tested only on the 
primary BP. Summary histograms were generated from experiments with different 
composition of blockers. In one experiment, 4-AP was directly applied to the preparation 
without Cd. In other two samples, 200 μM BAPTA-AM, a membrane permeable calcium 
chelator, was added at the beginning of the experiments. Also, in one of the two 
experiments, 10 μM Paxilline was given the application of 4-AP and TEA. However, 
since none of these drugs (BAPTA-AM, Cd, Paxilline) showed significant effects on AP 
shaping (data not shown), measurements in the presence of these drugs were used as 
control. Data collected from these preparations were pooled together for statistical 
analysis.  
Fig. 3A shows APs recorded in the presence of different TEA concentrations. The 
effect on shaping AP starts to be obvious when the TEA concentration was 0.2 mM. The 
data confirmed that 1mM TEA was enough to block sufficient voltage-gated K+ channel 
to alter AP shapes. With higher concentration, the depolarized ADP and longer duration 
of AP became more evident. These results suggest that the TEA-sensitive Kv channels in 
this preparation have a sub-millimolar affinity. 
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Fig. 3. Dose-dependence of TEA effect. (A) Overlay of AP recorded before and after 0.1, 0.2, 0.5, 1, 2, 
5 mM TEA, in 4-AP (200 μM) containing saline which also includes Cd2+ and BAPTA (200 μM) 
treated preparation. Only recordings from the primary BP were shown. (B) Summary histograms 
comparing the standard set of parameters in the presences of different concentrations of TEA, in 4-
AP/Cd and BAPTA containing saline. The parameters were measured from APs recorded at the 
primary BP. 
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DISCUSSION 
 In this study, we applied current clamp techiniques on axons at the crayfish 
neuromuscular junction of crayfish. The recordings were obtained at 1° BP and 
presynaptic terminals simultaneously. Blockage of Ca2+-activated potassium currents 
with 100 μM Cd2+ had minimal effects on AP shape. Though the ADP on the terminal 
was slightly depolarized. Therefore, the role of BK channels in shaping AP can be ruled 
out. TEA (200 μM) alone moderately increased the duration and ADP. In the presence of 
4-AP, TEA effects were largely enhanced, which resembled the properties of the “sleep 
channel” in literature. The effects seemed to be more robust at the terminals that the BP, 
suggesting that subcellular localization might also be an influencing factor. TEA effects 
in the presence of 4-AP were dose-dependent when the concentration was less than 5 mM. 
The minimum TEA concentration that resulted in a detectable change in AP waveforms 
was 0.2mM. Collectively, these data suggested the TEA-sensitive channels in crayfish 
axon may function similarly to the “sleeper channel” in mammalian neurons.  
 
BK Channel Contribute Minimally to the AP Waveform in the Crayfish Axon 
            Since BK channel is known to be TEA-sensitive, in order to investigate the 
function of TEA sensitivity, voltage-gated K+ channels, the importance of BK channels 
were evaluated first. Our conclusion was that BK channel made a minimal contribution. 
First, although the previous studies on “sleeper channels” attribute the protective function 
to the activation of BK channels, in this study, the contribution from BK channels was 
minimal. Because the shape of AP waveforms was not significantly altered by external 
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application of Cd2+ that blocked all the Ca2+ influx. Besides, the effect of paxilline, a 
selective blocker for high-conductance BK channels, was also tested on crayfish 
inhibitory axon (data not shown). The blocker also had minimal effects on the AP 
waveform, similar to Cd2+. It is still possible that Ca2+ could be released from 
intracellular pools such as the mitochondria and participate in the process of AP 
(Misonou et al., 2005), but the influence is unlikely from BK channels.  
In the absence of genomic information in crayfish K+ channel families, the 
mapping of the crayfish TEA-sensitive potassium current (IK(TEA)) to mammalian K+ 
channel gene families is evaluated through kinetics and pharmacological properties. The 
TEA-sensitive channel might correspond to Kv2 of the mammalian K+ channel families. 
Kv3 channels have been reported to be delayed rectifiers that regulate spike 
repolarization and ADP (Baranauskas et al., 1999). However, they were ruled out from 
this study since perfusion of 1 mM TEA should have been enough to block the Kv3 
family (Johnson et al., 2008). All of the Kv3 (Kv3.1~Kv3.4) plus Kv1.1 can be blocked 
by 0.3mM TEA (Gutman et al., 2005). Most Kv1 and Kv4 family were not blocked by a 
low concentration of TEA, but both of them are channels with fast kinetics that were 
activated within few microseconds.  
The kinetic properties are ideal for shaping AP amplitude and duration. Therefore, 
Kv1 and Kv4 do not match with the crayfish IK(TEA) in pharmacology and kinetics. 1 mM 
TEA application in the presence of 4-AP majorly affected the turning point where the fast 
component and slow component of the trace repolarization meet (Fig. 2B). The change of 
decay rate of the fast component before and after 0.1~2 mM TEA treatment was small 
  
27 
while the slope of slow component was significantly influenced. Besides, the ADP was 
still more depolarized than the control after around 10 ms if calculated from the peak of 
AP. Although time constants of IK(TEA)  were not measured in this report, it is likely that 
the TEA-sensitive conductance was mediated by slow-activated channels. 
            Kv2 has been reported to show minimal regulation on AP under basal 
experimental condition but significantly alter the duration and ADP in a more extreme 
condition. In one experiment, the perfusion of 4-AP was used to stimulate 
toxic/pathological situation. These crayfish TEA-sensitive channels behaved identically 
to the reported Kv2 channels. A next step would be testing other selective blockers, such 
as GxTx, on the crayfish axons to evaluate further whether Kv2 channels should account 
for the TEA-sensitive effects in the presence of 4-AP. 
 
Subcellular Compartments Influence TEA Effects 
TEA application in the presence of 4-AP seemed to have a larger effect at the 
terminals than the BP (Fig. 2), presumably reflects the functions of the TEA-sensitive 
channel. Similarly, the functions of BK channel were showed to be different in soma and 
terminal of CA3 pyramidal cells (Hu et al., 2001). Under basal conditions, IbTx and 
paxilline broadened the AP at the soma but hardly affected the terminals, suggesting the 
roles of BK channels may depend on subcellular localization. It was implied that under 
physiological conditions, BK channels contributed significantly to the repolarization of 
AP in the soma, but not in the terminals. In contrast, in the presence of 4-AP, presynaptic 
BK channels strongly broadened the AP. The subcellular distribution is consistent with 
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the functional significance of the “sleeper channel” since modification at the terminals 
could more effectively reduce synaptic transmission and dampen neuronal excitability in 
emergency situations, while in physiological condition these channels should not disrupt 
normal neuronal excitation.  
In the crayfish motor neuron axon, 10-Hz AP caused a rise in the intracellular 
Ca2+ concentration (Delaney et al., 1991). The change in Ca2+ level in the terminals has a 
larger amplitude than that in the axonal branch point. Furthermore, the rising and falling 
rate of the Ca2+ is much faster, suggesting a localized distribution of Ca2+ channels in the 
terminals at crayfish NMJ. Since excess Ca2+ is the main cause of neuronal cytotoxicity, 
high density of Kv2 channels in terminals had the ideally location for protective fucntion. 
Therefore, the putative protector channels are reasonable to more vulnerable to the 
blocker in the presence of 4-AP.  
However, the presynaptic localization seemed to conflict the speculation that the 
TEA-sensitive channels are Kv2. Because Kv2.1 channels are found densely located at 
the somatodendritic regions in clusters (Lai et al., 2006). Studies using immunostaining 
and electron-microscope did not find Kv2.1 in axons and presynaptic terminals in rat 
hippocampus and cortex slices (Du et al., 1998). The immunoreactivity was mainly in the 
soma and proximal dendrites, colocalized with postsynaptic terminals of inhibitory 
symmetric synapses, which indicated the role of Kv2.1 in regulating neuronal excitability. 
In a more recent study using the same technique on rat spinal motoneurones, the 
ultrastructural examination confirmed that Kv2.1 immunoreactivity are located in the 
postsynaptic terminals and completely absent in presynaptic structures (Elizabeth et al., 
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2003). However, a contrast to Lai’s results, the immunostaining was not associated with 
inhibitory synapses, suggesting that the localization of Kv2.1 may differ in distinct types 
of neurons. Those immunochemistry data were all obtained from mammalian tissues, so 
the general localization principles may not apply to crayfish axons.  
Another bold hypothesis is that the stressed condition may change Kv2.1 
distribution, and increased the TEA sensitivity at the terminals. Brief ischemic stress was 
reported to cause dephosphorylation and dispersion of KV2.1 clusters in rat cortical 
neurons (Misonou et al., 2008). Inducing ischemia with 2-minute CO2 anesthetization 
significantly altered the clustering patterns of Kv2.1 localization on the somata and 
proximal dendrites. After the CO2 treatment, Kv2.1 distributed uniformly on the 
membrane surface of the dendrites of CA1 hippocampus neurons. The majority of 
clustering Kv2.1 channels were reported to be nonconducting, which may serve as 
storage pools and provides the source of new channels that can be inserted into the 
neuron membrane in an emergency situation (Shah et al., 2014). Therefore, it still could 
be possible that Kv2 channels, functioning as the “sleeper channels,” may locate at the 
presynaptic terminal or crayfish motor neuron axon.  
 
Interference from Activity-Dependent Effects 
Some activity-dependent modification on ion channels in vivo may cause 
interference with the results. In this report, crayfish axons were isolated from the main 
body of the animals. Thus, the previously sustained activities in vivo, such as 
modification by upstream neurons or glia cells, was terminated. The dynamics of the 
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channel types, distribution, and properties may be altered if a putative input signal, which 
maintains the kinetics of the channels involved, is eliminated when the organs are 
isolated from the trunk. In our experiments, it took about half an hour to finish a 
preparation and another 1 hour before applying TEA. In the long period of experiments, 
the properties of the channels might be modified, resulting in unfaithful data. The average 
K+ amplitude of MNTB neurons was reported to decay rapidly within the first 40 minutes 
after the animal was sacrificed (Steinert et al., 2011). Also, the contribution of each K+ 
channel family to the shaping of an AP is regulated by Nitric Oxide-dependent 
phosphorylation. Kv2 became increasingly activated when there was high level NO 
signaling and intense synaptic activity, which reflected the delayed rectification function 
of Kv2 during high-frequency firing. However, with little synaptic input, resembling the 
conditions to whole-cell current, Kv2 conductance had only a small conductance. If the 
activity intensity of Kv2 was also modified in this way after the dissection of the crayfish, 
the role of Kv2 channels might be underestimated due to the reduced amplitude and shift 
in suppression direction. Nevertheless, most of the studies are performed on the soma, but 
in this study, axons of crayfish motor neurons were tested. The environment could have 
an influence on the blockage effects of TEA, but further studies were required because 
the properties and functions of the axons were still unclear.  
 
Future Studies 
The identity and functions of the TEA-sensitive channel remained unclear and 
required further study. Kv2 selective blockers, such as GxTx, could be applied to help to 
  
31 
isolate Kv2 function. Blockers of other delayed rectifier channels may also be useful to 
rule out the effects from different channels. Internal application of drugs may also be a 
good way to cause a complete blockage. Besides, the TEA effects on a single AP 
waveform was tested in this study. Since Kv2 channels are shown to maintain high-
frequency firing by regulating the repolarization (Hönigsperger et al., 2016; Johnston et 
al., 2008), it would be interesting to test TEA effects on repetitive firing in the presence 
of 4-AP or other blockers. If the antibody or genetic modification is available, the 
identification and subcellular localization of Kv2 channels in the crayfish axon could be 
evaluated and compared with electrophysiological data. Moreover, other kinds of stress 
could be applied to study the functions of the putative “sleeper channel,” such as extreme 
temperature and toxin. In addition, due to the limited size sample, some results may not 
have statistic significance. Therefore, it is necessary to test on more preparations to 
collect more data.  
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CONCLUSION 
 External application of Cd2+ (100 μM) had only minimal effects on crayfish motor 
neurons at the NMJ.  
           The blockage of an unidentified potassium channel had moderate effects on AP 
waveforms when TEA at 1 mM was applied alone. In the presence of 4-AP, the same 
TEA treatment significantly broadens AP by increasing duration and depolarizing ADP. 
The percentage changes of these parameters were TEA dose-dependent.  
            TEA, with or without the absence of 4-AP, had more prominent effects on the 
presynaptic terminal than the primary branch point of the axon.  
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